Social isolation can exacerbate the negative consequences of stress and increase the risk of developing psychopathology. However, the influence of living alone on experiences generally considered to be beneficial to the brain, such as physical exercise, remains unknown. We report here that individual housing precludes the positive influence of short-term running on adult neurogenesis in the hippocampus of rats and, in the presence of additional stress, suppresses the generation of new neurons. Individual housing also influenced corticosterone levels-runners in both housing conditions had elevated corticosterone during the active phase, but individually housed runners had higher levels of this hormone in response to stress. Moreover, lowering corticosterone levels converted the influence of short-term running on neurogenesis in individually housed rats from negative to positive. These results suggest that, in the absence of social interaction, a normally beneficial experience can exert a potentially deleterious influence on the brain.
The physiological consequences of stressful experiences can range dramatically from one person to the next 1, 2 . Differential outcomes can depend on psychological factors related to the stressor itself, such as whether it is predictable or controllable 3, 4 . However, it is clear that even identical perturbations can elicit varying responses from different individuals. Numerous studies indicate that individual differences in stress responses are determined by the environment. In this regard, social context has been shown to influence stress responsiveness. In rats, group housing can buffer the influence of some types of stress on the activity of the hypothalamic pituitary adrenal (HPA) axis [5] [6] [7] . Likewise, social support lessens the negative impact of stress on the brain and seems to protect against psychiatric illness in humans 8, 9 .
Exercise is an experience that is associated with health benefits and yet it results in physiological changes that are indicative of stress. Running is known to activate the HPA axis, an effect that persists even after physical fitness is achieved 10 . Despite large and continual elevations in stress hormones, running is generally linked to positive influences on the brain and behavior. For example, running has been associated with elevated expression of brain-derived neurotrophic factor, increased synaptic plasticity and improved performance on spatial navigation learning tasks [11] [12] [13] . Also, running increases the number of new neurons in the dentate gyrus of adult rats [12] [13] [14] [15] . These results may seem paradoxical as glucocorticoids, elevated during running, suppress adult neurogenesis [16] [17] [18] [19] [20] [21] . The majority of studies on running and neurogenesis have examined rats living in groups [12] [13] [14] [15] . Thus, it is possible that social interaction buffers the brains of runners from the negative effects of elevated glucocorticoids.
Here we report that social isolation precludes the positive effects of short-term exercise on adult neurogenesis in the dentate gyrus. Enhancement of adult neurogenesis eventually emerged in individually housed runners, but only after a considerably longer period of running. Both isolated and group-housed runners showed elevations in glucocorticoids during the active period, but individually housed runners experienced higher levels of corticosterone at a different point in the circadian rhythm as well as in response to stress. Reducing corticosterone levels reversed the effects of running on adult neurogenesis only in rats living alone. These findings suggest that social experience buffers the runner from the negative actions of elevated glucocorticoids by blunting stress reactivity and by preventing corticosterone from suppressing adult neurogenesis. By contrast, isolation rendered the hippocampus more susceptible to the suppressive actions of glucocorticoids on adult neurogenesis and delayed the positive consequences of physical activity.
RESULTS

Effects of short-term running depend on social context
To determine whether social isolation affects the response of adult neurogenesis to physical activity, rats were exposed to 12 d of running or no running, while housed in groups or alone. Rats were injected with 50 mg per kg (body weight) of bromodeoxyuridine (BrdU), a marker of DNA synthesis, once daily for 10 d beginning on day 2 of the experiment. Runners housed in groups showed a substantial increase in the number of BrdU-labeled cells in the dentate gyrus, compared to group-housed controls. By contrast, individually housed runners showed the opposite effect: a significant decrease in the number of BrdU-labeled cells compared to individually housed controls (interaction of housing and physical activity, F 1,20 ¼ 16.68, P ¼ 0.006; Figs. 1  and 2 ). There were no substantial differences in the numbers of BrdUlabeled cells between group-housed and individually housed controls. Similar to the effect seen with BrdU labeling, the number of cells stained for Ki67, an endogenous marker of cell proliferation, was increased in group-housed runners relative to group-housed controls but was decreased in individually housed runners relative to individually housed controls (interaction of housing and physical activity, We analyzed the phenotype of BrdU-labeled cells and found that most of the new cells expressed the neuronal markers class III b-tubulin (Tuj1; B80%) and neuron-specific nuclear protein (NeuN; B66%), at similar percentages across conditions. Much smaller percentages of BrdU-labeled cells stained for an astroglial marker, glial fibrillary acidic protein (GFAP; B7%), or an endothelial cell marker, von Willebrand factor (B6%) (Fig. 2) . These findings suggest that changes in cell proliferation with running primarily result in changes in adult neurogenesis.
Social housing and physical activity
It is unlikely that the differential effects of running on adult neurogenesis in group-versus individually housed rats were the result of grouphoused rats engaging in higher levels of activity: the total amount of running (for group-housed rats, three to a cage, daily km divided by 3) was similar for rats in both social conditions ( Supplementary Fig. 1  online) . In addition, we observed no differences in the frequency or duration of the running bouts between social conditions (frequency, t 8 ¼ 1.866, P ¼ 0.099; duration, t 8 ¼ 0.576, P ¼ 0.58). Finally, during the active phase, individually housed rats engaged in slightly more locomotor activity when not in the running wheels than group-housed rats. It is also unlikely that the differential effects of running on adult neurogenesis across social conditions were the result of variation in the frequency of other behaviors, as no differences were observed between these groups during either the inactive or active phase in the amount of time spent eating, drinking, grooming or resting and sleeping.
Social housing alters corticosterone levels
The differential effects of running on adult neurogenesis observed with social conditions may be associated with alterations in the levels of corticosterone. To assess this possibility, we measured corticosterone in trunk blood collected after decapitation at two different times: at the onset of the dark period (7 p.m.), and 4 h after lights-out (11 p.m.). There is a diurnal rhythm in corticosterone-levels are highest around the onset of the dark period. As previously reported 10 , we observed substantially greater elevations in circulating corticosterone in runners at 7 p.m., the beginning of the active phase (effect of physical activity, F 1,20 ¼ 17.21, P ¼ 0.0005, Fig. 3 ). We found no differences between individual and group-housed runners in this response. In contrast, at the 11 p.m. time point, we observed significant differences in corticosterone levels between social conditions-both controls and runners housed individually had higher levels of corticosterone than those housed in groups (effect of housing, F 1,20 ¼ 8.909, P ¼ 0.0073, Fig. 3 ).
To determine whether social housing alters the response of the HPA axis to stress in runners, we examined baseline, stress and recovery corticosterone levels during the inactive phase from tail blood samples of controls and runners housed either individually or in groups. In controls, restraint stress elevated corticosterone levels 30 min laterthese levels returned to baseline 2 h after the cessation of stress in both social conditions. However, among runners, we observed substantial differences in the corticosterone response to restraint stress between the social conditions. Specifically, group-housed runners showed no elevation in corticosterone levels 30 min after restraint stress (F 2,18 ¼ 3.828, P ¼ 0.041; Fig. 3 ). These data suggested that, compared to individual housing, group housing may reduce the overall exposure to corticosterone, particularly in runners.
Glucocorticoids and socially isolated runners
To investigate whether adrenal steroids have a role in the differential effects of running on adult neurogenesis in group-versus individually housed rats, we repeated the same experiment on rats that received sham operation or adrenalectomy (ADX), and administered low-dose corticosterone in the drinking water (25 mg ml -1 in 0.9% saline). Prevention of the running-induced increase in glucocorticoid levels converted the effect of running on neurogenesis from negative to positive in individually housed rats (effect of glucocorticoid status, F 1,38 ¼ 8.89, P ¼ 0.005; interaction of running, glucocorticoid status and housing, F 1,38 ¼ 7.75, P ¼ 0.008, Fig. 4 ). Lowering corticosterone levels did not alter the positive effects on adult neurogenesis in grouphoused runners. Thus, both individually housed and group-housed runners showed increased neurogenesis when glucocorticoid levels were clamped. By contrast, sham-operated rats showed the same pattern of results observed with intact rats-for individually housed rats, 12 d of running decreased the number of BrdU-labeled cells whereas for group-housed rats, the same period of running had the opposite effect.
We observed no substantial differences in the amount of running between group-and individually housed rats with or without ADX and corticosterone replacement ( Supplementary Fig. 1 ). Using radioimmunoassay, we verified the reduction of corticosterone levels in adrenalectomized rats across runners and controls housed in groups or individually and observed no marked differences among these conditions.
Longer periods of running in social isolation
Because the initial period of running in previously sedentary rats is likely to be more demanding physiologically than running over Figure 1 Social isolation reverses the positive influence of short-term running on adult neurogenesis. The top panel outlines the BrdU injection protocol for these studies. The rats received daily injections of BrdU on days 2-11 and were perfused 24 h after the last injection. Left, the number of BrdUlabeled cells was lower in individually housed short-term runners compared to individually housed controls. By contrast, the number of BrdU-labeled cells in group-housed runners was elevated compared to group-housed controls. Right, similar results were obtained with the endogenous marker of cell proliferation, Ki67: individually housed runners had fewer Ki67-labeled cells, whereas group-housed runners had more Ki67-labeled cells, when compared with their respective control conditions. Error bars represent s.e.m. *P o 0.05 in comparison to controls (two-way ANOVA and Tukey HSD post-hoc test).
the long term 22 , we examined whether the influence of exercise on adult neurogenesis in individually housed rats changed over time. To do this, we measured cell proliferation in individually housed rats that ran for 3, 6, 12, 24 or 48 d and received a single injection of BrdU (300 mg per kg body weight) 2 h before perfusion. We found no change in BrdU labeling until the latest time point examined, 48 d (effect of running, F 1,47 ¼ 5.32, P ¼ 0.0256; interaction of running and time, F 4,47 ¼ 9.85, P ¼ 0.0001; Figs. 2 and 5). Using two endogenous markers of cell proliferation, Ki67 and phospho-histone-H3, we confirmed the increases in cell proliferation following 48 d of running (Ki67, t 10 ¼ 4.25, P ¼ 0.0004; phospho-histone-H3, t 10 ¼ 3.07, P ¼ 0.0221; Figs. 2 and 5). These results indicated that socially isolated rats ultimately show enhanced cell proliferation but only with relatively long periods of running.
Following 48 d of running, the number of BrdU-labeled cells at the 2-week post-BrdU survival time was greater in runners (3,788.0 ± 412.2 (mean ± s.e.m.) for individually housed controls compared to 5,979.0 ± 662.2 for individually housed 48-d runners; t 12 ¼ 2.58, P ¼ 0.024). Long-term running also increased the overall volume of the dentate gyrus (effect of running, F 1,47 ¼ 6.18, P ¼ 0.0166; Supplementary Fig. 2 online) . Most of the BrdU-labeled cells in both groups expressed the neuronal markers Tuj1 (B82%) and NeuN (B75%), whereas a much smaller proportion stained for the astroglial marker GFAP (B6%) and the endothelial marker von Willebrand factor (B5%). There was no change in the proportion of cells staining for any of the markers, suggesting that differentiation of new cells was not influenced by long-term running. Changes in the amount of running per 24 h are probably not responsible for the increase in adult neurogenesis following 48 d of running, because a plateau in daily running distance was reached considerably before we observed positive effects on neurogenesis (B21 d of running).
To determine whether the positive influence of long-term running in individually housed rats is comparable to that in group-housed runners, we repeated the 48-d running experiment with rats in both social conditions. We found that 48 d of physical activity stimulated cell proliferation to a similar extent in group-and individually housed rats (effect of running, F 1,19 ¼ 9.81, P ¼ 0.005; Supplementary Fig. 3 online). Moreover, long-term running increased the volume of the dentate gyrus in individually housed and group-housed rats (effect of running, F 1,19 ¼ 7.844, P ¼ 0.0114; Supplementary Fig. 2 ). Again, group-and individually housed rats did not differ in the overall amount of running activity. Social housing buffers the negative effects of stress Unlike the pattern observed in our initial experiments ( Fig. 1) , socially isolated rats exposed to 12 d of running in the time course experiment (Fig. 5) did not show decreased cell proliferation. This difference may have been due to the fact that the rats in our initial experiments were subjected to the stress of daily handling and injection 23 , whereas those in the current experiment were injected only once on the last day of the study. Daily handling and injection significantly elevated baseline levels of circulating corticosterone in socially isolated runners (19.04 ± 2.83 ng ml -1 for undisturbed rats, 32.60 ± 3.40 ng ml -1 for injected rats, t 6 ¼ 3.069, P ¼ 0.020). Social isolation in the absence of additional stressors seemed to prevent the positive influence of short-term running on adult neurogenesis, such that the number of BrdU-labeled cells was similar to that of the sedentary controls. However, in the presence of additional stressors (handling and injection), the influence of short-term running was negative, resulting in a net decrease in the number of new cells. To more directly test the possibility that the decreases in adult neurogenesis observed in individually housed runners exposed to multiple injections were the result of interactions among isolation, running and stress, we repeated the 12-d social housing experiment but replaced the daily BrdU injections with a brief cold-swim stress. This stressor was of comparable duration to that experienced during restraint and BrdU injection (60-90 s). These rats received only a single BrdU injection, on the last day of the experiment. We found that individually housed runners subjected to daily cold-water stress showed decreased cell proliferation compared to individually housed controls. By contrast, group-housed runners exposed to daily cold-water stress had enhanced cell proliferation (Fig. 6) . These results indicated that the negative effects of running on neurogenesis in our experiments with multiple BrdU injections were the result of the combined action of individual housing, running and daily stress. Moreover, they suggested that group-housed runners were buffered from the negative effects of stress on cell proliferation.
Duration of isolation may influence effects of running
To determine whether the negative effects of running on adult neurogenesis are dependent on living alone for a certain time before gaining access to the running wheel, we compared rats that were moved directly from group-housed conditions to running wheels with those that spent 1 week living alone before running. We found that the duration of isolation before short-term running (12 d) influenced the results-a decrease in cell proliferation was observed only in the runners with 1 week of isolation before running but not in those with no previous isolation experience (effect of previous isolation, F 1,20 ¼ 12.69, P ¼ 0.002; interaction of physical activity and previous isolation, F 1,20 ¼ 14.27, P ¼ 0.0012; Fig. 7) . Figure 4 Lowering glucocorticoid levels reverses the suppression of neurogenesis in isolated runners. The top panel describes the experimental design for this study. Controls or runners were housed in groups or individually and subjected to sham operation (SHAM), or bilateral adrenalectomy (ADX) followed by the administration of 25 mg ml -1 corticosterone (CORT) in the drinking water (ADX + CORT). The BrdU injection protocol was identical to the one described for Figure 1 . BrdU labeling in the dentate gyrus of SHAM controls and runners showed the same pattern as that in intact rats. Individually housed runners had fewer labeled cells, whereas group-housed runners had more labeled cells, than controls. Lowering glucocorticoid levels by removing the adrenal glands and providing a low dose of corticosterone in the drinking water (ADX + CORT) permitted the enhancement of neurogenesis in individually housed runners and did not change the effect of running on neurogenesis in the group-housed rats. Error bars represent s.e.m. *P o 0.05 in comparison to controls (2-way ANOVA with Tukey HSD post-hoc tests). 
DISCUSSION
The results of these experiments demonstrate that the social context in which an experience occurs can influence endocrine and neural responses. When experienced in a group setting, running stimulates adult neurogenesis. However, when running occurs in social isolation, these positive effects are suppressed. Although runners housed in either social condition experienced comparable elevations in corticosterone during one part of the active phase, only those that ran alone were vulnerable to the negative influence of glucocorticoids on neurogenesis in the hippocampus. This may have been due to the cumulative effects of corticosterone exposure over the 24-h period because individually housed rats seemed to experience a greater overall exposure to this hormone, particularly in response to stress. However, the fact that even group-housed runners had elevated corticosterone levels during the active phase but enhanced, rather than suppressed, adult neurogenesis, suggests that these rats were buffered in some unknown way from the negative influences of glucocorticoids. In this regard it is relevant that, unlike individually housed rats, group-housed rats had the same adult neurogenesis response to running regardless of adrenal steroid manipulations. Thus, preventing the elevation in glucocorticoid levels in individually housed runners stimulates neurogenesis, whereas grouphoused rats respond to short-term running with enhanced neurogenesis whether or not glucocorticoid levels are elevated. These paradoxical effects may be the result of an interaction between glucocorticoids, which suppress neurogenesis [16] [17] [18] [19] [20] [21] , and an unidentified factor that positively regulates neurogenesis and is altered by both running and social housing. If running and social housing both enhance a system that promotes adult neurogenesis, then these conditions together may result in increased production of new neurons despite the presence of an inhibitory factor such as elevated glucocorticoids. Several candidate mechanisms exist: one interesting possibility is the neurotransmitter serotonin which, through the 5HT1A receptor subtype, enhances neurogenesis 24 . Release of serotonin in the hippocampus increases with exercise 25 , whereas expression of the 5HT1A receptor decreases with both social isolation 26 and prolonged elevation of corticosterone 27 . Thus, individual housing could inhibit 5HT1A receptor expression in the hippocampus, a decrease that may be further compounded by overall higher exposure to corticosterone in the running group. Under these conditions, running-induced serotonin release in the hippocampus may be ineffective at stimulating cell proliferation because 5HT1A receptor levels are diminished. In the presence of elevated glucocorticoids, as is observed with additional stress to the running group, a decrease in adult neurogenesis would occur. On the other hand, because group housing elevates 5HT1A receptors, it is possible that the stimulatory effects of running-induced serotonin release on cell proliferation are sufficient to override the negative effects of elevated corticosterone. The extent to which serotonin participates in interactions among social housing, running, glucocorticoids and neurogenesis, however, remains to be determined.
Prolonged exercise ultimately enhanced neurogenesis in the dentate gyrus of rats living in social isolation. This change occurred some time between 24 d and 48 d of running and was accompanied by a significant increase in the volume of this brain region. The basis for these changes in adult neurogenesis and dentate gyrus volume are unknown but may involve alterations in the vascular structure. Angiogenesis supports cell ) + 2 h survival d24 d48 * * * Figure 5 A long duration of physical activity enhances cell proliferation in the dentate gyrus of socially isolated rats. The top panel describes the experimental design for this study: separate cohorts of individually housed rats ran for 3, 6, 12, 24 or 48 d before being injected once with BrdU (300 mg per kg body weight) and perfused 2 h later. Top graph, in socially isolated rats, the number of BrdU-labeled cells in the dentate gyrus was increased by 48 d of running but not at earlier time points examined. Bottom graph, after 48 d of running, similar increases were observed in the numbers of cells that stained for the endogenous markers of cell proliferation Ki67 and phospho-histone-H3 (p-H3). Error bars represent s.e.m. *P o 0.05 in comparison to control (2 Â 5 ANOVA and Tukey HSD post-hoc comparisons, or unpaired t-test, comparing Ki67 and phospho-histone-H3 data from runners and controls at the 48-d time point). proliferation in the subgranular zone, possibly through the increased expression of neurotrophic factors 28, 29 , and physical activity promotes the extension of the vasculature 30 . Together, these events may contribute to the increased volume of this brain region over time.
It is noteworthy that socially isolated runners who received multiple BrdU injections, but not those who received a single BrdU injection, showed decreased levels of adult neurogenesis. This differential response of socially isolated runners to short-term physical activity may be related to the added stress of daily injections 23 . Indeed, we found that daily handling and injection significantly elevated the levels of circulating corticosterone. Moreover, replacing the injections with cold water stress resulted in virtually identical effects on cell proliferation. Thus, in the presence of additional stressors, socially isolated runners showed decreased neurogenesis compared to controls. In the absence of additional stressors, socially isolated runners had levels of adult neurogenesis that were similar to those in sedentary controls. These results are consistent with a study showing that footshockinduced decreases in neurogenesis are only evident in socially isolated rats 31 . Our data suggest that social housing alters the response of the HPA axis to stress. Whereas isolated runners experienced robust elevations in corticosterone in response to stress, group-housed runners showed no such increase in corticosterone. Collectively, these results suggest that socially isolated runners are exposed to higher levels of corticosterone under certain conditions and, furthermore, that elevations in adrenal steroids are involved in both the negative effects and the prevention of the positive effects on neurogenesis, as blocking glucocorticoid elevations not only eliminated the negative effects but also enabled the positive effects to emerge.
Numerous studies have reported enhanced neurogenesis following voluntary running in rats housed in groups [12] [13] [14] [15] 32 . Similar results have been obtained using forced-running protocols 33, 34 with group-housed rats (J. Trejo, personal communication; C.-J. Kim, personal communication). Other studies, however, have examined the effects of running on adult neurogenesis in socially isolated rats; most of these findings are consistent with our data in that the duration of running used to enhance adult neurogenesis was relatively long [35] [36] [37] . However, there are a few reports of increased cell proliferation in socially isolated adult rats following short bouts of running. Two of these studies used individually housed spontaneously hypertensive rats (SHR) 38, 39 . Because these experiments were conducted in female rats, which show estrous cycledependent fluctuations in neurogenesis 40 and running activity, and this rat strain differs from the Sprague-Dawley in the rate of hippocampal cell proliferation under basal conditions 41 , it is not surprising that the physiological response to running would also differ. In contrast to our results, a previous study 42 reported increased cell proliferation in the dentate gyrus of individually housed adult male Sprague-Dawley rats following B17 d of running, considerably earlier than when we observed an increase in neurogenesis. In this study, rats were housed in isolation for 3 d before the initiation of running as opposed to the 7-d acclimation period we used; the findings therefore suggest that the duration of living in social isolation may be an important determinant of the effect. Our finding that the duration of individual housing alters the influence of running on cell proliferation suggests that this might be the case.
Running is a natural rodent behavior that seems to have a hedonic component. Naïve laboratory-reared rodents will readily engage in wheel running, even without additional incentives, and can be trained to bar-press for wheel access 43 . Conversely, rodents accustomed to running may experience physiological and behavioral signs of withdrawal when suddenly denied access to a wheel 44, 45 . Our results suggest that engaging in an internally motivated, apparently rewarding activity can exert radically different influences on neural plasticity depending on the context in which this activity occurs. In a socially deprived environment, the enhancement of neurogenesis by running is delayed and in the presence of additional stressors, neurogenesis is actually suppressed. By contrast, running in a group setting elevates neurogenesis-despite activation of the HPA axis and the presence of additional stressors, such as handling and injection or cold-water stress. Although it is possible that different social contexts may alter the hedonic value of running, our behavioral data indicated no differences across groups in the duration or frequency of running or the distance run. Collectively, these results indicate that social isolation can both delay the enhancement of plasticity by physical exercise and exacerbate the consequences of stressful stimuli. Structural plasticity has been linked to anxiety regulation and the therapeutic actions of antidepressants 46, 47 . Our findings present a potential mechanism whereby social isolation may predispose the organism to a negative outcome in the presence of physiologically ambiguous experiences.
METHODS
Rats and housing conditions. All rat experiments conformed to guidelines of the US National Institutes of Health and were approved by the Princeton University Institutional Animal Care and Use Committee. Adult male SpragueDawley rats from Taconic (250-300 g, n ¼ 6 for group-housing studies, n ¼ 5-8 for time course studies) were housed either individually or in groups of three, with or without access to a running wheel. All rats received unlimited food and water and were maintained on a 12-h light-dark schedule (lights on at 7 a.m.). After arrival, all rats were group-housed and acclimated to the colony for at least 1 week before any manipulations were started.
For all experiments except one, individually housed rats were moved from the standard group-housed condition 1 week before the start of the experiment. In one additional experiment, rats were transferred directly from group to individual housing with or without a running wheel-these rats were BrdU (50 mg kg -1 ) d8 d9 d10 d11 d12
Perfusion Figure 7 The duration of previous isolation affects the response of cell proliferation to running alone. The BrdU injection protocol is identical to the one used in Figures 1 and 4 . Before the beginning of the study, some rats were individually housed in standard cages, while others were housed in groups of three until the beginning of the experiment and then housed individually with or without a running wheel. Whereas rats exposed to one week of isolation before running showed a decrease in cell proliferation, those exposed to no previous isolation did not exhibit this effect. This suggested a time-dependent effect of social isolation on adult neurogenesis in response to running. Error bars represent s.e.m. *P o 0.05 in comparison to control, 1 week previous isolation.
compared to similar groups of runners and controls that had experienced a 1-week period of individual housing.
Physical activity and behavioral monitoring. Distance was recorded daily, between 8 and 10 a.m., from counters attached to the running wheels. Wheel circumference (111.76 cm) was converted to kilometers. For group-housed rats, the total distance run every 24 h was divided by the number of rats in each cage (n ¼ 3). This number may underestimate the total distance run by each rat because rats were occasionally observed to be running in pairs. Additionally, one cohort of group-and individually housed runners was videotaped to evaluate possible differences in the duration and frequency of running bouts. Group-housed rats were marked with black ink for identification. Behavioral analysis was carried out for 10 min at 7 a.m. and 7 p.m., on days 3, 6, 9 and 11 of the experiment. 7 a.m. and 7 p.m. were selected because they were the times of lights on and lights off, respectively. 7 p.m. marks an extremely active phase, when rats are highly likely to engage in running. Digital videos were scored for the duration and frequency of running bouts as well as for behavior when not in the wheel, including rearing, eating, drinking, grooming, resting or sleeping and nonwheel locomotion.
BrdU administration and perfusion. All rats received injections of the DNA synthesis marker BrdU between 9 and 11 a.m. For multiple injection experiments, we administered 50 mg of BrdU per kg body weight intraperitoneally (i.p.), daily for 10 consecutive days. These rats were perfused 24 h after the last injection. This dose and treatment regimen was modeled after the initial studies of running-enhanced neurogenesis 13, 14 . For experiments using single injections, rats were administered BrdU at a higher dose of 300 mg per kg (i.p.) and perfused 2 h or 2 weeks later. For experiments with a 2-week postinjection survival, the rats continued to have access to a running wheel during this period. Group-housed rats were removed from the cage sequentially for injection; typically, rats were restrained for BrdU administration for 60-90 s. For perfusion, all rats were deeply anaesthetized with Nembutal (pentobarbital, 100 mg per kg, i.p.) and transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer.
Cold-water swim stress. To assess the effects of a daily stressor on the response of individually housed rats to running, some rats received brief daily cold-water swim stress. These rats were removed from the cage and placed in a bucket of ice water for 60 s before being towel-dried and returned to the home cage. Group-housed rats were administered swim stress in sequence. The total duration of stress (beginning with removal from the home cage until return to the home cage) was B90 s.
Corticosterone sampling and radioimmunoassay. To assess the influence of running on corticosterone levels in individually and group-housed rats, we obtained blood samples from separate groups of unanesthetized rats either from the tail vein or by decapitation. For individually and group-housed runners and controls, we assessed corticosterone levels at two points during the dark phase-7 p.m. and 11 p.m. We examined two time points during the dark phase because a previous study showed a circadian effect of running on corticosterone levels with elevations observed only at the time of lights out (7 p.m.) but not several hours later (11 p.m.) when corticosterone levels naturally decline 10 .
To assess the response of the HPA axis to stress in runners and controls housed in different social conditions, we obtained corticosterone levels at baseline, during restraint stress and during recovery in the inactive phase, around the time when BrdU injections were normally given. Beginning at 10 a.m., rats were rapidly restrained and blood was obtained in less than 3 min from the tail vein. After 30 min, we obtained a stress blood sample from restrained rats. The rats were then returned to their home cages where they remained for 2 h; then they were rapidly captured and a blood sample was collected in less than 3 min. We obtained plasma from these blood samples and determined the levels of corticosterone using an RIA kit (Diagnostic).
Adrenalectomy and corticosterone replacement. To determine whether glucocorticoids are involved in the differential effects of running on neurogenesis in individually and socially housed rats, rats were subjected to bilateral adrenalectomy or sham operation. Adrenalectomized rats received low-dose corticosterone replacement (25 mg ml -1 in 0.9% saline; Sigma) in the drinking water to both lower and normalize glucocorticoid levels. Providing corticosterone in the drinking water maintains the diurnal rhythm of glucocorticoids and is sufficient to maintain the survival of mature hippocampal granule neurons 17 . At the time of perfusion, we obtained blood samples from anesthetized rats to verify the efficacy of adrenalectomy. As indicated above, we used radioimmunoassay to determine corticosterone levels from these samples.
Immunohistochemistry. Brain sections, 40 mm thick, were cut on a Vibratome into a bath of phosphate-buffered saline (PBS). For BrdU, slide-mounted or free-floating sections were heated in 0.1 M citric acid followed by incubation in trypsin and then 2 M HCl:PBS. For endogenous markers of cell proliferation, the HCl step was omitted. The tissue was incubated overnight with one of the following primary antibodies: mouse monoclonal antibody to BrdU (anti-BrdU, 1:200), mouse monoclonal antibody to Ki67 (1:750, Novocastra) or rabbit polyclonal antibody to phosphorylated histone H3 (1:200, Santa Cruz Biotech). The tissue was then rinsed and incubated with biotinylated anti-mouse or anti-rabbit antibodies (1:200, Vector) for 1 h, rinsed, incubated in avidin-biotin-hydrogen peroxidase complex and then reacted with 0.01% diaminobenzidine (DAB, Sigma). Following this, the slides were counterstained with cresyl violet and coverslipped with Permount (Fisher Scientific).
Additional tissue sections were processed for double-labeling immunofluorescence for BrdU and cell type markers. Brain sections were treated with 2M HCl:TBS (tris-buffered saline) and incubated overnight with rat anti-BrdU (1:250, with 0.5% Tween-20; Accurate Chemical). Following rinses, the tissue was incubated for 1 h in biotinylated goat antibody to rat (1:250, Vector), rinsed and then incubated with streptavidin Alexa 568 (1:1,000, Molecular Probes). Sections were then incubated with one of the following primary antibodies: mouse antibody to NeuN (1:500, Chemicon), mouse antibody to TuJ1 (1:500, Covance), guinea pig antibody to GFAP (1:250, Advanced Immunochemical) or rabbit antibody to von Willebrand's factor (1:200, Sigma) for 24 h at 4 1C. Alexa 488 secondary antibodies conjugated to the appropriate species were applied for 1 h (Molecular Probes). Following rinses, sections were mounted and coverslipped with 90% glycerol:TBS.
Microscopic data analysis. Slides were coded until completion of the data analysis. Stereological estimates of the total number of labeled cells were determined from peroxidase-stained tissue for BrdU, Ki67 or phosphohistone-H3 on a 1:12 series of brain sections throughout the dentate gyrus. The volume of the dentate gyrus was estimated using Cavalieri's principle and Image-Pro Plus software (Media Cybernetics).
A Zeiss Axiovert 510 LSM confocal microscope was used to examine tissue processed for immunofluorescence (HeNe and Argon lasers). A series of 1-mmthick sections throughout the extent of each labeled cell were analyzed. For each marker in each brain, 25 BrdU-labeled cells were examined thoughout the rostrocaudal extent of the dentate gyrus.
Statistical analysis. For all studies with more than two groups, analysis of variance (ANOVA) was performed with Tukey HSD post-hoc tests. For the separate studies of 48-d runners and controls, we used two-tailed t-tests to analyze cells labeled with BrdU, Ki67 and phospho-histone-H3. In addition, we calculated the mean distance run over each experiment for rats in each group and analyzed the results with either an analysis of variance or two-tailed t-tests, depending on the number of groups.
Note: Supplementary information is available on the Nature Neuroscience website.
